Abstract:
The oxidation of D-ribose and 2-deoxy-D-ribose by Cr VI yields the aldonic acid and Cr 3+ as final products when an excess of sugar over Cr VI is used. V is formed in a rapid step by reaction of the sugar radical with Cr VI . Cr V reacts with the substrate faster than Cr VI does. The EPR spectra show that five-and six-coordinate oxochromate(V) intermediates are formed, and the distribution of these Cr V species in the reaction mixture essentially depends on the solution acidity.
Key words: ribose, 2-deoxyribose, chromium, redox, mechanism, kinetics. Hexavalent chromium, in many different compounds, is a well-established carcinogen and mutagen (1) (2) (3) (4) (5) . The observation of Cr V and Cr IV intermediates in the selective oxidation of organic substrates by Cr VI and their implication in the mechanism of Cr-induced cancers (6) (7) (8) has generated a considerable amount of interest in their chemistry and biochemistry (9-12).
Résumé : L'oxydation du D-ribose et du 2-désoxy-D-ribose par le
The biological reduction of Cr VI to lower states has been observed with a wide variety of naturally occurring cellular reductants (13) (14) (15) . Ligands that possess two oxygen atoms able to form five-membered rings about the metal ion, such as 1,2-diols and α-hydroxyacids, are effective as nonenzymatic reductants and complexation agents towards hypervalent chromium and can stabilize the labile oxidation states of chromium (12, (16) (17) (18) (19) . For this reason sugars, or their derivatives, may play an important role in the chemistry of Cr VI . We are studying the possible fate of Cr VI and Cr V in biological systems by examining reactions of Cr VI with lowmolecular-weight biological and model reductants, as a means of more fully understanding the processes involved in the genotoxicity of chromium. In previous work we have found that the stereochemistry of the sugars or their derivatives affects the Cr VI reduction rate (20) (21) (22) (23) (24) (25) (26) (27) . In any case, the first reaction step involves the formation of a Cr VI ester, which is followed by the slow redox steps. For aldohexoses, this precursor is formed in rapid pre-equilibrium, and C(1)O, C(2)O, and in a little extent, C(6)O have been found to be the preferred coordination sites either in the Cr VI or Cr V electron-transfer precursors (20, 24) . On the other hand, 2-deoxyaldohexoses form with Cr VI a precursor ester, which behaves as a steady state, and they yield several Cr V intermediate complexes which are in rapid pre-equilibria before the slow redox steps take place, with C(1)O and C(6)O being the preferred coordination sites (21, 22) . In this paper, we compare the Cr VI reduction by D-ribose and 2-deoxy-Dribose, and provide with new information on the influence of the furanose hydroxyl groups on the reaction kinetics and mechanism as well as on the nature and reactivity of the intermediate Cr V species. For experiments performed in the 2-7 pH range, the pH of the solutions was adjusted by addition of 0.5 mol dm -3 NaOH and 0.5 mol dm -3 HClO 4 . The spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (Aldrich grade) was purified by charcoal decolorization. The method consists of successively treating the DMPO with activated charcoal until all free-radical impurities disappeared by EPR spectroscopy (28) .
Warning: chromic acids and acrylonitrile are toxic and carcinogens.
Spectrophotometric measurements
Kinetics measurements were made at 350 nm, by monitoring the absorbance changes on a Guilford Response II spectrophotometer with fully thermostated cell compartments. The reactions were followed under pseudo-first-order conditions, using at least a 25-fold excess of sugar over Cr VI . Mixtures of sodium perchlorate and perchloric acid were used to maintain a constant ionic strength (I) of 1.0 mol dm -3 . Reactant solutions were previously thermostated and transferred into a cell of 1 cm path length immediately after mixing. Experiments were performed at 33°C unless otherwise mentioned.
Disappearance of Cr VI was followed at 350 nm until at least 80% conversion. 
Products analysis
Under the conditions used in the kinetic measurements (ratios of Rib (2dRib) to Cr VI from 25:1 to 200:1), qualitative identification of D-ribonic acid (Riba) (or 2-deoxy-Dribonic acid (2dRiba)) as the reaction product was carried out by paper chromatography. Riba (2dRiba) was identified against an authentic sample using n-butanol/acetic acid/water (4:1:5) as eluent. Paper chromatograms were visualized by two kinds of development reagents: a three-stage dip of silver nitrate, sodium hydroxide, and sodium thiosulphate and p-anisidine reagent (30, 31) . Riba (2dRiba) identification as the only reaction product was also made by 13 C NMR. A mixture of Rib (2dRib) (13.2 × 10 -3 mol) and potassium dichromate (6.6 × 10 -3 mol) in 1 mol dm -3 HClO 4 (10 cm 3 ) was allowed to react at 33°C. After the reaction had proceeded to completion the mixture was stirred with a Dowex 50W-X8 cation exchange resin until all the Cr III was removed from the solution and a concentrated sample was analysed by 13 C NMR. Riba (2dRiba) and unreacted Rib (2dRib) were identified by comparing against authentic samples.
The presence of free radicals was tested for in the reaction of Rib (2dRib) with Cr VI . To a solution of potassium dichromate (0.005 mmol) and Rib (2dRib) (0.1 mmol) in 4 cm 3 of 0.25 mol dm -3 HClO 4 was added acrylonitrile (0.5 cm 3 ) at 33°C. After a few minutes a white precipitate appeared. Control experiments (without potassium dichromate or reductant present) did not show the formation of a precipitate.
EPR spectroscopy
The EPR spectra were obtained on a Bruker ESP 300 E spectrometer. The microwave frequency was generated with a Bruker 04 ER (9-10 GHz) and measured with a RacalDana frequency meter. The magnetic field was measured with a Bruker NMR-probe Gauss meter. All of the EPR experiments were carried out at room temperature.
Cr VI reduction by Rib and 2dRib
Over the whole range of HClO 4 concentrations used in the kinetic measurements, spectrophotometric studies showed that the reaction of the sugar and Cr VI resulted in an absorbance band at 350 nm and a shoulder at 420-500 nm. The absorbance vs. time curves at 350 nm exhibit a monotonic decrease. At this wavelength, kinetic traces show an initial deviation from first-order decay over short time periods. It is known that Cr V species absorb strongly at 350 nm and may superimpose Cr VI absorbance yielding the wrong interpretation of spectrophotometric absorbance decay values (32 (Fig. 2 ) gave good straight lines from which values of k were determined (Table 2 ). Figure 3 shows the dependence of k with [HClO 4 ], which may be expressed as in eq. [1] .
where k H = (5.9 ± 0. (Fig. 4 ) gave straight lines with zero intercept from which values of k′ were determined (Table 2) . A plot of k′ vs.
[H + ] 2 gave a straight line with a positive intercept, showing that the second-order rate constant may be expressed as consisting of an acidity independent and an acidity dependent term:
where k 0 = (1.3 ± 0.5) × 10 -3 mol -1 dm 3 s -1 and k H ′ = (4.2 ± 0.1) × 10 -2 mol -3 dm 9 s -1 . The complete rate law is then given by
The rate laws for the oxidation of Rib and 2dRib by Cr VI differ in that, for the second, a term independent of [H + ] is observed. These two terms in the rate law (eq. [4] ) for 2dRib result from the fact that there are at least two transition states, differing in composition but similar in energy, through which the reduction of Cr VI can proceed. Thus, the oxidation of 2dRib by Cr VI should occur through two parallel slow steps leading to the redox products. In the case of Rib, the redox reaction proceeds through one path of consecutive reactions leading to the products only after protonation of the 1:1 Rib-Cr VI intermediate species. This fact explains why at high pH the oxidation of 2dRib occurs faster than that of Rib. For both sugars, in the range of substrate concentrations employed, only substrate first-order dependence was observed and Riba (or 2dRiba) was the only detected reaction product. A mechanism taking account of these facts is proposed for Rib and 2dRib in Scheme 1.
In the [H + ] range studied, Cr VI exists mainly as HCrO 4 -(33). Thus, the first step of the mechanism proposed in Scheme 1(a) may be interpreted as the formation of a monochelate with Rib acting as a bidentate ligand bound to Cr VI at C1-O and C2-O to yield the anionic species A -. Even when several linkage isomers might be formed by coordination of the sugar with Cr VI via any properly disposed hydroxyl groups, we think that the complex with the anomeric hydroxyl group bound to Cr VI should be the precursor of the slow redox steps. Then, the monoprotonated form of this intermediate (AH) yields the redox product through an acid catalyzed step.
The rate law corresponding to this mechanism may be expressed as in eq. [5] :
where through an acid-catalyzed step. The rate law corresponding to this mechanism may be expressed as in eq. [6] :
where
For either Rib or 2dRib, after the slow steps, reactions [7] - [9] may take place. [7] Sugar + Cr IV → sugar ⋅ + Cr III [8] Sugar ⋅ + Cr VI → sugar acid + Cr V [9] Sugar + Cr V → sugar acid + Cr III Cr IV formed in the slow steps yields the final Cr III and the sugar · radical in a subsequent fast step. The formation of these sugar radicals is supported by the observed polymerization after addition of acrylonitrile. Besides, DMPO was used to detect any sugar radical intermediate formed during the reduction of Cr VI by Rib. The addition of DMPO to the reaction mixture resulted in the appearance of a spin adduct signal at g = 2.003 ( Fig. 5) with splitting constants of a N = 7.48 × 10 -4 cm -1 , a H = 3.65 × 10 -4 cm -1 (× 2). This is the first time that a signal corresponding to a DMPO/sugar radical adduct is reported, and confirms our proposal. Cr V formed by rapid reaction of the radical and Cr VI can further oxidize the sugar to yield the final redox products.
Unlike Rib, aldohexoses kinetic profiles yield saturation curves (20, 24) . This means that aldohexoses form more "stable" intermediate Cr VI complexes (with higher K). But, also, under the same reaction conditions, the kinetic parameter (kK) for the [H + ] 2 dependent term is, at least, six times lower for aldohexoses than for Rib. Thus, the k ox /K complexation ratio is higher for the Rib/Cr VI system, meaning that intramolecular electron transfer paths are faster within the less stable Cr VI intermediate complexes. The same difference was observed when 2-deoxy-glucose/Cr VI and glucose/Cr VI systems were compared (21, 22) . The more stable the intermediate Cr VI complex, precursor of the redox steps, the higher the energy barrier to overcome in the slow electron transfer steps. Comparing the kinetic parameters of the acidity dependent term for Rib and 2dRib it can be observed that they are of the same order of magnitude, meaning that, in this case, k and K compensate each other, yielding a similar value for the kK product.
It must be noted that the slow redox steps, involving either A -or B -(BH) intermediate complexes, are two electron steps, and the final chromium species, Cr III , is formed through either a Cr 
Intermediacy of Cr V
The reaction of Cr VI with an excess of 5-100 times of Rib, in the 4-7 pH range, at 25°C, generates an EPR spectrum dominated by a single detectable signal at g iso = 1.9787 (Fig. 6 ) with the four weak 53 Cr (9.55% abundance, I = 3/2) hyperfine peaks at 15.7 × 10 -4 cm -1 spacing, typical of fivecoordinate oxochromate(V) complexes (34) (35) (36) . In this pH range, Cr V remains in solution several days. We found that varying the modulation amplitude, the superhyperfine (shf) pattern partially resolved, and the Cr V EPR spectrum resulted to be a composite of several Cr V species. Even when the complex chemistry of the Cr V -Rib species present in solution makes accurate determinations of g iso values difficult, specially due to the overlap of the shf coupling, the g iso values for all of these signals are in the range of those expected for five-coordinate oxochromate(V) complexes (34) .
At (Fig. 6 ), but is independent of the rib:Cr VI ratio employed (from 5:1 to 100:1). The g 2 value is significantly lower than the values observed for the five-coordinate oxochromate(V) complexes, and since the g values of the Cr V species are very sensitive to coordination (37) , it may be assigned to a six-coordinate oxochromate(V) complex (35) . However, the lack of a resolved shf pattern from the protons prevented a more detailed analysis of this signal. For [H + ] = 0.1-0.15 M, the five-coordinate species (g 1 ) is the major one; it forms rapidly (the maximum concentration is reached at t < 3 min) and decays slowly. Under these conditions, the minor species always decays with time. At [H + ] = 0.25 M, the total amount of Cr V reached a maximum concentration at t < 1 min, and both signals always decay with time. In the [H + ] range 0.25-1.0 M the six-coordinate species (g 2 ) is the major one, i.e., at [H + ] = 1 M, after 6 min of reaction, the g 1 /g 2 signal ratio was 0.07. Thus, the five-coordinate oxochromate(V) complexes are formed at any [H + ], whereas the formation of the six-coordinate species requires acid conditions. At each pH, the two Cr V signals decay at different rates, and these rates increase with decreasing pH, indicating that proton catalysis is present in the oxidation of the sugar by Cr V . The observed behavior seems to indicate that both types of complexes, five-and six-coordinate, are formed independently and they yield the final Cr III by two parallel paths.
In the 4-7 pH range, the sugar should essentially form binary Rib:di-oxochromate(V) complexes, with the sugar binding Cr V as a bidentate ligand at a 1,2-diolate moiety, or bound to Cr V at a 1,2,3-triolate moiety (34) . The appearance of the six-coordinate Cr V species at high [H + ] might be interpreted as the consequence of the protonation of the anionic dioxochromate(V) species, yielding the monooxochromate(V) complexes with the sixth coordination position occupied by an additional solvent molecule.
The reaction of Cr VI with an excess of 2dRib, in the 4-7 pH range, at 25°C, results in only one Cr V intermediate species, with g iso = 1.9791 and A iso = 16.6 × 10 -4 cm -1 (Fig. 7) , typical of a five-coordinate oxochromate(V) complex (34) . In this case, the signal did not split when the modulation amplitude was lowered. So, probably, only one species is responsible for this EPR signal. At pH = 2, a minor signal at g 2 = 1.9735 appears, and when the [H + ] > 0.1 M a third signal at g 3 = 1.9707 is observed. The g iso values of the two signals at higher field may be assigned to six-coordinate oxochromate(V) complexes (34) . The relative proportions of the three species depend essentially on the acidity. The time course of the peak-to-peak height of the first derivative of the signals as a function of time for an initial ratio 2dRib:Cr VI = 10:1, at different pH, revealed that the two (or three) signals decay at comparable rates; therefore, these Cr V intermediates are in rapid equilibrium compared to the time scale of their subsequent reduction to Cr III . Again, these rates increased with decreasing pH, indicating that proton catalysis is also present in this case. A similar behavior had Fig. 8 .
[10] h = Ak 6 (exp (-k 5 t) -exp (-2k 6 t))/(2k 6 -k 5 )
In eq. [10] , h is the peak-to-peak height, and A depends on the spectrometer settings and is adjusted by the fitting program.
For conditions stated in the figure, k 6 = 1.35 × 10 -4 s -1
and k 5 = 1.57 × 10 -2 s -1 , and the time of maximum Cr V concentration, T max , is 14.4 min. To verify if this assignment of the rate constant values -and not the reverse one -was correct, we have evaluated k obs (2k 6 ) spectrophotometrically at 25°C under conditions used in the EPR experiments, and we have reproduced the k obs (2k 6 ) value. Thus, the fact that k 5 is 116 times higher than k 6 justifies our initial assumption that changes in absorbance at 350 nm essentially reflect changes in Cr VI concentration. The ultimate fate of the chromium in these reactions is a Cr III species and a typical broad Cr III EPR signal centered at g~1.98 is always observed at later time points.
These results show that Cr V , generated by reaction of the sugar radical with Cr VI , oxidizes Rib (or 2dRib) to the sugar acid faster than Cr VI does. The reduction of both Cr VI and Cr V by the furanose is acid catalysed and yields the same oxidized product. Comparing the Cr VI redox rates with those of allose (Allo) -the aldohexose with the same configuration of C2 and C3 -the second-order rate constant (k, M -1 s -1 ) is six-fold higher for Rib than for Allo, a fate probably resulting from the furanose vs. pyranose forms of these two sugars. That the furanose ring favors oxidation vs. complexation processes might be interpreted as the consequence of the influence of the strain-induced instability of the chromate ester on the redox rate. This effect is enhanced in the Cr V -furanose species, as evidenced when k 5 and k 6 for pyranose vs. furanose forms are compared. In the chromic oxidation of aldohexoses (pyranose form), k 5 values are no more than 10 times higher than k 6 ; whereas in the present case, k 5 > 100k 6 . 
